Expression of Ig and Ig-related genes has been studied in bone marrow cells from two patients with severe form of X-linked agammaglobulinemia (XLA). Phenotypic analysis revealed the presence of pre-B cells, in the absence of mature B cell markers. The pre-B-specific genes, X-like and V pre-B, were normally transcribed. Sequence analysis of 48 distinct V-D-J cDNA clones directly derived from XLA bone marrow cells indicated that they had characteristics of an early fetal pre-B repertoire. All VH families were identified, with a strong bias in the gene usage: a few VH genes were largely overexpressed, either germline or slightly mutated; most genes had been located 3' of the VH locus and were also used in fetal liver (8-13 wk of gestation). Short D regions, (resulting from D-D fusion, making usage of all D genes in both orientations with utilization of the three reading frames), restricted N diversity, and a fetal JH usage pattern were also observed. Taken together, our data suggest that the XLA defect does not alter V-D-J rearrangements nor the expression of u, X-like, and V pre-B transcripts and most likely results in a poor efficiency of some critical steps of the B cell maturation. (J. Clin. Invest. 1993.91:1616-1629 
Introduction
X-linked agammaglobulinemia (XLA)' is a primary immune deficiency characterized by a severe impairment of immunoglobulin synthesis correlated with a low number ofmIgM-positive B lymphocytes and by the lack ofplasma cells (reviewed in references and 2). Analysis of the X chromosome inactivation in XLA carrier women has shown that the defect was specific to the B cell lineage (3) (4) (5) (6) (7) . The exact nature of the defect is, however, not known. B precursors characterized by early markers such as TdT, CD 10, and CD 19 ( 8) are present in the bone marrow. Although truncated heavy chains have been identified earlier (9) , the recombinases that direct Ig and T cell receptor (TCR) gene rearrangement do not seem to be affected by the XLA gene since the T cell compartment appears to be normal (8) . More recent reports have shown that the IGH locus could recombine, and that some Epstein-Barr virus (EBV)-transformed cell lines could be derived from XLA patients, suggesting that block of the B cell maturation was leaky (3, (10) (11) (12) (13) .
Ig gene expression necessitates rearrangements that occur according to an apparently strict ordered program H -K X ( 14) . Studies using transgenic mice ( 15) and gene targeting ( 16) have clearly shown that each step is controlled by the successive Ig gene products in their membrane form. Expression of the g chain at the surface of pre-B cells has been shown to take place through the so-called A-4'L complex in which the regular L chain is replaced by the product oftwo genes, specifically expressed in pre-B cells, termed V pre-B and X-like ( [17] [18] [19] [20] [21] [22] . Because the XLA defect seems largely characterized by an impairment of the early steps of B cell differentiation, we have studied the expression of Ig and Ig-related genes in non transformed bone marrow cells isolated from XLA patients. Our results indicate that there is no major impairment at the pre-B stage. The X-like and V pre-B genes are expressed, and the H chain repertoire makes use ofall VH families, with a pattern of expression that resembles that ofthe fetal tissues. This observation, taken together with the fact that some level of light chain rearrangement takes place, suggests that the XLA defect most likely resides in a poor efficiency of a critical step of the B cell maturation, independent of the Ig gene recombination machinery.
Methods
Cases report. Bone marrow from two XLA patients was used in this study. Patient L.E. was a 3-yr-old boy with recurrent otitis and gastroenteritis from the age of 3 mo. Blood cell counts showed neutropenia and normal amount of lymphocytes. Serum immunoglobulin levels were below detection threshold (0.07 mg/ml for IgG, IgM, and IgA). No B cell, as appreciated from the lack of mIgM positive cells, was found. Diagnosis of XLA was confirmed by the X inactivation pattern analysis ofthe mother cells using methylation sensitive enzyme and restriction fragment length polymorphism (RFLP) study (5 PCR analysis. PCR was performed in a Perkin-Elmer Cetus (Norwalk, CT) apparatus, following the manufacturer's instructions, and using 500 ng of cDNA with 50 pmol of the appropriate oligonucleotides. Amplified products were run in agarose gel made 2% in lx 0.089 M Tris, 0.089 M Borate, and 2.5 mM EDTA (TBE) and transferred on Hybond N membrane in 20X SSC and characterized upon hybridization with specific probes.
Experimental conditions used for the analysis ofthe pre-B-specific gene expression were previously described using non saturating substrate concentrations, i.e., between 100 and 500 ng of RNA (24) and led to the identification of specific fragments of 210 and 190 bp for V Pre-B and X-like amplification products, respectively. Normalization by reference to normal bone marrow cells was introduced using amplification of actin RNA. In addition, for each series of PCR, control samples of RNA from one positive cell (Nalm-6, a pre-B cell line) and two negative cells ( 1SP3, an EBV-derived cell clone and Jurkat, a T-cell line) were run in parallel. A blank containing no input RNA was also included.
Analysis ofthe K transcripts was performed following the same conditions, using in separate experiments oligonucleotides corresponding to the four different family-specific VK segments (25) The amplified products were checked with a JK probe. A blank containing no input RNA was also included.
Construction of cDNA libraries and identification of the cDNA clones. VH transcripts from patient R.S. were cloned after anchored PCR. cDNA between 0.5 and 2 kb were purified by electrophoresis on 0.8% low melting point agarose in 1 x TBE and oligo dG tailing was performed as described by Loh et al. (26) XLA cells were negative for CD2 1 and CD24 (33% and 37% in the controls, respectively, data not shown). In addition, immunofluorescence revealed some cells with intracytoplasmic 4 chains (9/500 mononuclear cells) whereas no intracytoplas- 1618 Milili et al. mic light chain (K + A) was detected. Cells from patient R.S. were checked only for mIgM, and were all found negative. Expression ofthe A-like and Vpre-B genes. To normalize the amount of RNA used for A-like and V pre-B amplification from both XLA and normal bone marrow cells, we first performed a PCR analysis using serial dilutions of RNA and actinspecific oligonucleotides (data not shown). Ranges covering 500-100 ng from both RNAs were then amplified with A-like or V pre-B specific oligonucleotides. In Fig. 2 a is reported the A-like PCR pattern obtained for 500, 400, and 300 ng of both cDNAs. Specific bands were identified at 190 bp with the same decrease in intensity for the two samples. No signal was recovered at lower concentrations, as already reported (24). V pre-B and A-like PCR patterns obtained with 500 ng of normal and XLA bone marrow cells are given in Fig. 2 b. The 2 10-bp (VpreB) and 190-bp (A-like) specific bands have similar intensities, whichever their origin. Similar results were obtained for the two XLA patients clearly suggesting that the two pre-B specific genes were normally expressed on a quantitative basis in XLA patients.
Analysis ofthe V-D-J repertoire in XLA bone marrow cells. RNA from Ficoll purified bone marrow cells from patient R.S.
was amplified by anchored PCR using a 5'CQ-specific oligonucleotide, yielding nine different sequences, ofwhich six were of the V-D-J type with variable VH lengths, one was of the D-JCju form (RS 54), and two (RS 39 and RS 51 ) for which presence ofVH residues could not be determined due to the limited size of the transcripts (Table I ). In order to select for complete transcripts, RNA from patient L.E. was amplified using 5'C'4 and each ofthe leader VH-specific oligonucleotides. 143 clones were sequenced, from which 39 different V-D-J sequences were identified and are listed according to the VH family grouping in Table I . Most sequences were obtained several times from different clones (between two and nine), with identical results. The complete sequences have been deposited at the EMBL data bank (accession nos. X65883-X65920).
It can be observed that all VH families are used except VH2, which was earlier shown to be poorly expressed in the normal Ig repertoire (38) . Within each family, all transcripts were assigned to one of the known germline genes, taken from a A.-like EMBL data bank or from recently published data (36) as indicated in Table I . The number ofnucleotide substitutions necessary to derive the cDNA sequences from the known germline genes is also indicated. In most cases, fewer than 10 mutations, that occurred randomly all along the VH segment, were sufficient to derive most expressed sequences from the germline genes. 40% of the transcripts had two mutations or fewer, including six sequences that were completely germline. Alternatively, minor nucleotide substitutions may be due to allelic polymorphism as illustrated by comparison with the data of Shin et al. (35) . On the basis so defined, gene usage within each family clearly appears restricted. For instance, in the VH I family, six different germline genes accounted for the 13 reported sequences, of which gene 1-3b (35) was encountered six times. Four genes were used in a total of 11 VH4 sequences, V 79 being present seven times (37) .
Sequences encompassing the CDR3 regions are presented in Fig. 3 according to the JH usage. Assignment of D segments was defined using homology with direct and reverse D (40) (41) (42) and DIR (DH gene containing irregular spacer signals [431) germline sequences on the basis of a minimal length of six identical nucleotides or seven nucleotides with no more than one mismatch. It can be seen on Fig. 4 that the expressed D segments could be derived from one single germline gene (47% ofthe sequences) to up to four D genes resulting from multiple fusions. Both direct and reverse sequences were identified, with occasional usage ofDIR genes. Three sequences did not match any ofthe known D genes. Most D genes were expressed (Table  II) , of which 27% in the reverse orientation. The DXP family accounted for 38% of the total. The three reading frames were used, although reading frame 2 was used more frequently.
Detailed organization of the CDR3 regions is given in Fig.  3 . N sequences were introduced whenever no nucleotide counterpart could be identified on either ofthe V, D, or JH germline segments. Finally, whenever nucleotides could undifferently fit with 3V or 5'D and/or with 31D or 5'J, they were arbitrarily assigned to V or to J, respectively. On these grounds, N diversity, with possible P diversity (39) Fig. 3 and Table I ). Fig. 3 ) could be defined at some D-D junctions, although very JH regions were found encoded by JH3 to JH6 genes, with various degrees of truncation of the 5' ends (Fig. 3) . Clone LE 4-103 was extensively truncated containing only the four last JH codons. Allelic variants used were JH3b, JH4b, JH5b, JH6b, and JH6c (44) . Occasional mutations (one or two) were observed in 27% of the analyzed sequences. CDR3 segments were defined from residue 93 of the VH (numbering of Kabat et al. [ 45 ] ) to the position preceding the TGG codon of the JH genes. On this basis the CDR3 length varied from 21 to 69, with an average value of 41 (Table I) .
Ofthe VDJ sequences 88% had an open reading frame (Table I). Although most V-D-J associations could be considered random, several peculiar cases were observed. For instance, the same V-D combination was found associated to different JH (LE 1-100 and LE 1-25). Conversely the same DJ was found associated to discrete VHs (LEB -10 and LE 1-25; LE 4-34 and LE 4-104). Finally, two VDJ were using two discrete leader segments (LE 1-54 and LE . A few sequences were truncated, (LE 1-23 lacking DJ, LE 4-103 lacking most ofthe 5' JH codons), or contained multiple deletions in VH (LE 3-11).
Expression ofK transcripts. K transcripts could be identified in patient L.E.'s bone marrow cells after PCR using primers covering the four VK families and the 5' end ofCK. Bands ofthe expected size (between 320 and 340 bp, depending upon the VK families) were clearly detected, although of fainter intensity as compared to normal bone marrow cells (Fig. 5) . region revealed that most transcripts encompassed the V region (at least 66%), whereas 1 1% were clearly of the D-J-CM type. This already indicates that transcription is not limited to Du (9) or of the more recently described LS-Cg transcripts (49) . This finding prompted analysis of complete VDJ (COt) transcripts that were easily derived upon amplification with primers specific ofthe various VH-leader sequences and ofthe CQ 5' region. Detailed analysis ofthe 48 ,g transcripts (Table I) revealed that all characteristics of an early "pre-B" functional repertoire were indeed present: All VH families were identified (except VH2), including a marked contribution of VH5 and VH6, (50, 51) . It can be observed that VH gene usage was biased in several ways: (a) 19 genes accounted for the 48 discrete V-D-J transcripts, indicating that some genes were used with a high frequency (Table I) ; (b) 16 out of these 19 genes were located in the 800 kb region covering the 3' end ofthe VH locus, as schematically presented in Fig. 6 , according to the map recently published by Matsuda et al. (36) ; (c) In Fig. 6 , it can also be observed that most ofthe genes used in XLA were also expressed in a fetal liver as early as 8-13 wk of gestation (52) . A human fetal liver can be derived from data obtained by Schroeder et al. (53, 54) at 15 or 18 wk of gestation and is reminiscent of the preferential usage of the most 3' VH gene early in mice ontogeny (55) (56) (57) .
As outlined in Fig. 7 , the average size ofthe XLA-derived D segments was close to those of the fetal liver between 8 and 13 wk of gestation (52) and significantly shorter than those of their adult PBL counterparts (44, 58) . Same conclusions could be drawn from the comparisons of CDR3, indicating that D and CDR3 lengths were well correlated. They were also found shorter than those reported by Timmers et al. ( 12) , and Anker et al. (11) who studied the XLA repertoire in EBV-derived clones which were found closer to that of adult PBL (Fig. 7) . Besides their distinctive lengths, the D regions described by Timmers et al. ( 12) (58) . By contrast, we did not observe the increased expression of DHQ52 that was reported in fetal liver (58) . Finally, analysis of the reading frame usage revealed that all three frames were used, eventhough RF2 was found in a twofold excess. This observation is in sharp contrast with the situation depicted in the mouse, in which RFl is largely overused, as the result of a strong selection process (59) .
JH gene usage also reveals that the expression pattern ofthe XLA repertoire is close to that of the fetal liver (Fig. 8) , with a major contribution of JH3 (which is only weakly represented in the adult repertoire), JH4 and JH6. Contribution of JH genes could vary in length, due to various truncations, especially for JH6, in agreement with previous reports (44) .
N diversity (with possible examples ofP diversity, see fig. 3 ) occurred on both V-D and D-J sides, and remained very limited, bringing another criteria ofearliness (60, 61 ) . It should be noted however that assignment of N regions remains partially questionable, in that they are defined in a negative way, from the absence ofknown germline gene counterpart. Undefined D genes may therefore lead to overweight contribution of N diversity.
Finally, random somatic mutations were present in limited extent on VH, D and JH, as can be expected for an early repertoire (60) .
Thus, by all the analyzed criteria, the XLA repertoire resembles that of the normal fetal lymphopoietic tissues, suggestive of a typical pre-B phenotype. These results are in agreement with previous phenotypic characterization ofthe bone marrow cell population in XLA patients (62, 63) . By contrast to other reports (3, 9, 49, 64) , our data indicate that rearrangement mechanisms seem fully functional, although a possible decrease in efficiency ofthe pro-B to pre-B transition, as followed by the DJ to VDJ rearrangement cannot be quantitatively as- Our analysis performed on XLA bone marrow cells provides direct access to the pre-B cell repertoire which is truly representative of the defect. Analysis of EBV clones derived from XLA patients may therefore contain a bias linked to the selection ofa minor population of B cells that have escaped the XLA defect (1 1, 12) . The leakiness of XLA has been previously substantiated, and may be more or less important, in conjunction with the severity of the disease (7, 67, 68) . In this context, the presence of K transcripts in noticeable amounts in our samples indicate that some degree of leakiness has indeed taken place allowing the system a limited progression in the B cell differentiation pathway. 
